In long-term rehabilitation, stoke survivors might experience low motivation and poor adhesion to treatments. In such cases, off-the-shelf virtual reality (OTSVR) gaming systems can be a viable solution. The purpose of this exploratory study was to evaluate the effects of an affordable OTSVR treatment on patients' motivation and motor capacities. The ultimate goal is to apply the advantages of the OTSVR system to the design of future systems. Twenty participants completed the follow-up assessment. Four parallel groups received treatments for three weeks: 1) virtual reality (VR) via Wii gaming; 2) conventional therapy; 3) a placebo board game; 4) no treatment. The training effects were evaluated immediately after and four weeks after treatment. Surface electromyographic activity for a reaching task was obtained from five muscles, and the time-to-peak (TTP) contractions, time that a muscle takes to reach maximum contractions, was used as a kinesiological parameter. Any functional gains were evaluated using the Jebsen-Taylor Hand Function Test and the Stroke Impact Scale. The VR group immediately demonstrated significantly shorter TTP contractions in their biceps and flexor carpi radialis compared to the those of the board game and no treatment groups (p < 0.05). The TTP contraction change between the VR group and the conventional therapy group did not have significant differences. The VR group having a marginally retentional improvement in the deltoids (p = 0.059). No long-term benefits persisted in any other muscle. However, the VR group showed higher intrinsic motivation than those of the other groups. In this pilot study, OTSVR gaming had immediate effects on motor recovery and provided motivation for treatment compliance in stroke patients.
Introduction
Hemiparesis often results in functional limitations of the hands among stroke victims. Only 15% of stroke victims recover their former functional status [1] . Virtual reality (VR) treatment is a novel and potentially useful rehabilitation method based on the concept of brain plasticity [2] . In a virtual environment, the patient receives multimodal sensory feedback and can safely engage in task-oriented activities [3] . VR treatment allow for three-dimensional virtual interaction, and can create a fun and sociable environment for users [4] . With their intrinsic motivation increased, users are willing to repeat therapeutic movements and thereby improve their motor capacities. VR treatment can thus increase a user's adherence to treatment.
Systems used for VR treatment in clinics are often expensive and require users to wear a heavy helmet, which limits their application [5, 6] . In 2006, Nintendo introduced the Wii gaming system. The Wii allows the real-time motion capture of the controller via acceleration signals. The Wii has proven to be a feasible and safe system for weak elderly people [7] , patients with Parkinson's disease [8] , cerebral palsy [9] , and acquired brain injury [10] . The Wii was found to improve a user's standing balance [11, 12] and walking speed [13] . Wii treatment, as an adjunct to conventional rehabilitation, increased participants' hand power and Fugl-Meyer Assessment scores [14] . The Wii also increased participants' active/passive range of motion [15] . A randomized controlled trial showed that participants in the Wii group, compared to those who underwent conventional treatment, showed significant improvement in a Wolf Motor Function Test [16] . There has, however, been limited research focusing on kinesiological evidence of treatment effectiveness for the Wii gaming.
Surface electromyography (sEMG) measures the summation of all action potentials of muscle fibers within the electrode recording area based on the relative difference in surface voltages. Stroke victims have altered muscle activation patterns in sEMG, such as changes in the firing rates of motor units and delayed muscle onsets [17] . The decreased firing rates in motor units lead to less generated tension [18] . Muscle onset time of a hemiparetic group was significantly slower than that of a healthy group [19] . Altered muscle activation patterns in sEMG are associated with motor capacity and daily function. For example, in Gowland et al. ' s study, forty four participants with hemiplegia performed six tasks chosen from the Chedoke-McMaster Stroke Assessment [20] . Participants who could not complete the tasks had significantly poorer muscle activity than that of those who could complete the tasks. The effects of off-the-shelf virtual reality (OTSVR) gaming on muscle activation patterns of stroke victims are still unknown. The purpose of this pilot study was to determine the effects of an affordable OTSVR treatment based on the Wii on participants' intrinsic motivation and their upper arm motor functions. The ultimate goal is to apply the advantages of the OTSVR gaming to the design of future systems. The hypotheses of this study are OTSVR gaming can arouse intrinsic motivation in patients and its effects on motor functions are the same as those obtained with conventional rehabilitation.
Materials and methods

Participants
Participants were recruited from a suburban hospital and an affiliated nursing home. One hundred and forty two stroke survivors were potential candidates. The inclusion criteria were: 1) age: ≥ 20 years and < 85 years; 2) evidence of a unilateral and first cerebral vascular accident confirmed either by a computed tomography or magnetic resonance imaging head scan (ischemic or hemorrhagic); 3) onset of symptoms for at least six months; 4) mini-mental state examination score > 24; 5) ability to produce active shoulder movements on the side of hemiparesis (Fugl-Meyer Assessment Scale ≥ 21); 6) visual analog scale < 4); 7) Modified Ashworth Scale ≤ 2 ; 8) signed written informed consent before participation. One additional inclusion criterion for the no-treatment group was, before joining the experiment, the participants had not have received any rehabilitation treatment in the prior three months due to personal choices (for example, depression/sense of hopelessness). The exclusion criteria were: 1) uncontrolled hypertension ( > 190/110 mmHg); 2) unstable angina; 3) any history of seizure; 4) carrying or having an implanted artificial pacemaker; 5) participation in other clinical trials. Twenty-seven participants were found to be eligible. Informed consent approved by the E-Da Hospital Institutional Review Board was obtained from each patient prior to inclusion in the study.
Randomization and double-blind trials
The study design was a randomized, double-blind, and placebo-controlled trial. A list of computer-generated random numbers was generated using a simple random number generator. A flow chart for the trial procedure is shown in Fig. 1 . Excluding the participants in the no-treatment control group, the eligible participants were randomized into three groups: 1) the Wii group; 2) the conventional occupational therapy (OT) group; 3) the placebo board game (BG) group. The OT group was used to determine whether Wii gaming has the same clinical efficacy as that of the conventional treatment. The BG group was used to evaluate motivation and as a placebo to minimize the confounding effects of participants' expectations. The no-treatment group was used to discriminate the patient outcomes from spontaneous neural recovery.
The participants, except for those in the no-treatment group, did not know if they were assigned to receive the real Figure 1 . Flow chart of patients in a trial. treatment or the placebo. As a baseline, demographic data (age and gender), comorbid conditions, years from onset of stroke, type of stroke, and side of hemiparesis were also collected. The stroke severity was assessed using the National Institutes of Health Stroke Scale (NIHSS). Motor function was assessed using Fugl-Meyer Motor Assessment (FMA, upper limb). All of the measurements were performed by an independent occupational therapist who was blinded to the randomization and who did not contribute to any treatment sessions.
Outcome measurements
The measurements were performed prior to treatment (week 0), immediately after treatment (week 4), and four weeks after treatment (week 8). In addition to NIHSS and FMA, the following outcome measurements were performed:
Surface electromyography
The sEMG activity of five muscles was recorded using Ag-AgCl electrodes and a commercial recording system (MA-100, Motion Lab Systems, Inc., Tampa, Florida). Recordings were made of the biceps brachii (BIB), triceps brachii (long head) (TRB), middle deltoid (DEL), flexor carpi radialis (FCR), and extensor carpi radialis (ECR). The placement of electrodes was based on Cram's suggestion [21] . The original EMG MA-100 system electrodes were used. The specifications of the EMG electrodes according to the user manual are as follows: size: 50 mm × 18 mm × 7 mm; impedance: 100,000 MΩ; input noise: 1 Vrms nominal; common-mode rejection ratio: 100dB at 1 kHz; gain: 325 ± 20. The sEMG signals were acquired with a 1000-Hz sampling frequency and filtered using an analog low-pass filter at 500 Hz. The resulting numerical signals were filtered with a high-pass eighth-order forward-backward Chebyshev filter with the stopband ripple 20 dB down and a stopband edge frequency of 20 Hz (for suppression of motion-related artifacts). In order to construct the linear envelope, full-wave rectification was performed, followed by smoothing with a low-pass, secondorder, forward-backward Butterworth filter (cut-off frequency of 10 Hz). Participants were seated in an armless chair and faced a table after having the sEMG electrodes placed on them. The seat height was adjusted so that their feet were flat on the floor and the angles of their knees and hips were about 90°. A seatbelt was used to prevent the participant from moving his/her trunk. Before starting, participants rested their affected wrist on the table with their shoulder in a neutral position, elbow at 90° flexion, and forearm at 90° pronation. The functional reaching task required them to reach for a cup in front of them as fast as possible. Once they reached the cup, the movement ended. The distance between the cup and the marked start point was adjusted according to the forearm length of each participant. Before the reaching task, participants were requested to perform a maximum voluntary contraction of the corresponding muscle.
The sEMG values for each muscle during reaching were normalized in relation to its maximum voluntary contraction. In addition, the time-to-peak (TTP) contractions (units: ms) was used as a kinesiological parameter for indicating the maximum firing speed of a voluntary contraction muscle during reaching [22] . The TTP contractions was defined as from the start of measurement to the time that the maximum muscle contraction occurred during the reaching movement. The start of measurement was defined as the beginning of data collection when the timer rang and the participant started the movement. The maximum peak of sEMG signals was automatically identified using a Matlab program in each channel after signal processing.
Jebsen-taylor hand function test
The Jebsen-Taylor Hand Function Test (JTT) has good validity and reliability [23, 24] . It includes seven subtests that represent a wide range of tasks using a unilateral hand in daily activities. The subtests are: writing, card turning, picking up small objects, stacking checkers, picking beans with a teaspoon, and moving cans. The number of seconds taken to complete each subtest was recorded.
Stroke impact scale 3.0
The Stroke Impact Scale (SIS) 3.0 is a reliable and sensitive questionnaire [25, 26] . It assesses a change in quality of life after a stroke. The Chinese version of SIS 3.0 was used in this study. It includes 48 items (47 specific items and 1 global perception item). Participants respond to specific items using a 5-point rating scale, which ranges from "extremely difficult/cannot do at all (1)" to "not difficult at all (5)". The global perception item assesses the participant's self-perception of recovery, with "0" indicating no recovery and "100" indicating full recovery.
Intrinsic motivation inventory
The Intrinsic Motivation Inventory (IMI), developed by Ryan et al. [27] , measures a participant's motivation for a target activity. Five subscales (Interest-Enjoyment, Perceived Competence, Effort-Importance, Pressure-Tension, ValueUsefulness) are included in this study since, according to the self-determination theory, the inclusion or exclusion of specific subscales appears to have no impact on the other subscales [28] . The total scores of 5 subscales were calculated as one of the outcome measures of the current study. A sample question in the IMI for the Wii group is "I believe playing Wii games as a rehabilitation treatment could be beneficial to me". Response choices of each subscale range from seven (strongly agree) to one (strongly disagree). At the end of the inventory, there are three semi-open questions asking why, how, and why the treatment was helpful and motivating to the participants. All participants filled out the IMI after three-week treatment, except for those in the no-treatment group.
Interventions
The treatments of each group lasted three weeks (three sessions per week, one hour per session). The three sessions in every week were flexibly scheduled; three sessions had to be completed within a one-week period, with sessions separated by a minimum of twenty hours. Two to three games/OT activities were introduced to participants in all three groups with breaks of five to ten minutes between activities. The amount of practice was determined as time-on-task, the amount of time actually spent playing. The time taken to setup the game system/OT modalities was excluded from this time. No home practice was conducted.
Participants in the Wii group played publicly available games, such as Wii Sports Resort. The equipment used in the Wii group consisted of the Nintendo Wii console, Wii remotes, Wii nunchuks, a home projector, and a screen. The Wii console and controllers were not modified in this study. The Wii remote uses a combination of built-in accelerometers (Analog Devices, Inc. 3-axis ADXL330 iMEMS® ) and infrared detection (PixArt Multi-Object Tracking™ engine) to sense its position in threedimensional space when pointed at the light-emitting diodes in the sensor bar. The Wii remote connects to the console using Bluetooth with an approximately 9-m range. Participants in the Wii group played games while supervised by a research member on-site. The first formal treatment session was used as an assessment of the suitability of mini-games and of difficulty levels and what modifications were required. The fingers of participants with weak grasp were stabilized to the Wii remote using elastic bandages.
For safety reasons, the treatment room was well lit. Participants stayed at least 1 m from the screen. During one session, participants were advised to take at least five-to tenminute breaks between games. Participants were also allowed to take breaks as needed. Participants were monitored closely for dizziness or nausea during games. Any signs of tingling, numbness, soreness, or stiffness were reported during breaks or at the end of each session. If participants had any of the above symptoms, they were advised to rest to prevent potential overuse. If the symptoms persisted in the following session, treatment was suspended.
The OT sessions consisted of sensorimotor facilitation techniques, such as Bobath approaches and proprioceptive neuromuscular facilitation approaches. An occupational therapist with three years of experience was in charge of the OT treatments. The equipment used in the OT sessions was that typically seen in treatment rooms, e.g., bean bags, a target board, and cones. The BG sessions included leisure activities such as playing games of mahjong, cards, and checkers. All the BG scores were recorded on a sheet of paper so as to allow the participants to keep track of their wins.
Data analysis
Demographic data were compared using either the nonparametric Kruskal-Wallis test or the Chi-square test. Baseline measurements for JTT and TTP contractions, determined from sEMG, were subjected to the Kruskal-Wallis test to examine homogeneity. Change scores of SIS 3.0, IMI, JTT, and TTP contractions between the groups were also analyzed using the Kruskal-Wallis test. Dunn's pairwise comparison was used to determine the difference in changes between groups. All statistical analyses were performed using IBM SPSS 19.0.1 for Windows (IBM, NY, USA), with p ≤ 0.05 considered significant.
Results
Homogeneity
Among the twenty-seven participants who entered the study, seven dropped out due to various reasons (Fig. 1) . Two participants in the Wii group and two participants in the OT group dropped out because their family members were too busy to take them to the hospital. One participant in the BG group completed the three-week treatment but failed to finish the study measurements due to relocation. One participant in the no-treatment group was dismissed right after the baseline measures due to a severe urinary infection. Five participants in each group completed the follow-up measurements. Baseline demographic (age and gender) data and clinical (years since onset, side of the hemiplegia, diagnosis, NIHSS scores, and FMA scores) data were homogeneous for the four groups (Table 1) . Before the treatment, the TTP contractions in each muscle showed no difference among groups ( Table 2 ). All groups also showed no difference in terms of SIS 3.0 and JTT performance ( Table 2) . 
TTP contraction results
To demonstrate the sEMG activities in different periods of treatment, results obtained for the BIB were investigated before the treatment, immediately after (immediate effect), and at follow-up (retention effect) (Fig. 2) . Raw sEMG data are shown for one participant in the Wii group (upper three rows) as well as from a representative healthy subject (bottom row) ( Fig. 2(a) ). As indicated in the time scale of the raw sEMG recording, this stroke patient required more time to complete a single reaching task before treatment ( Fig. 2(a) ). Both immediately after treatment and at follow-up, the movement time required to complete the same reaching task decreased. sEMG signals normalized to the corresponding maximum voluntary contraction are shown as a percentage of the maximum contraction in Fig. 2(b) . The timing of TTP contractions was defined as time that a muscle takes to reach maximum contractions (units: ms) (black circle in Fig. 2(b) ). The timing of TTP contractions was used to evaluate the therapeutic effect for two reasons. First, the temporal characteristic of the muscle activation pattern in the reaching task is more important than the amount of muscle recall; second, the participants' motor levels were above stage four of the Brunnstrom Scale. Therefore, the treatment outcome should focus on their motor speed. The TTP contractions of the BIB in this stroke patient was shorter both immediately after treatment and at follow-up compared to the TTP contractions at his baseline.
To further reveal the shortening of the TTP contractions, the TTP was converted into a percentage of the movement time) (Fig. 2(c) ). Before treatment, this stroke patient did not generate a peak contraction until 45% of the movement time had passed. After treatment, the peak contraction was generated at 39% of the movement time.
Immediate effects on TTP contractions and motivation in Wii group
After treatment, the effects between groups showed significant differences in the TTP contractions of the BIB (p = 0.010) ( Table 3 ). Dunn's pairwise comparison revealed that, compared to participants in the BG and no-treatment groups, participants in the Wii group had a significantly shorter TTP contractions (p < 0.005) (Fig. 3) . The mean of the TTP contractions for the BIB in the Wii group decreased from 1534.1 ms to 591.8 ms; that in the OT group increased from 869.3 ms to 1196 ms; that in the BG group increased from 826.7 ms to 1763.6 ms; and that in the no-treatment group increased from 812 ms to 1680.6 ms. There were no significant differences between the Wii and the OT groups in terms of TTP contractions of the BIB.
Significant group differences were also detected in the TTP contractions of the FCR among groups (p = 0.033) (Fig. 3) . The mean TTP contractions for the Wii group decreased from 1691.2 ms to 704.6 ms, whereas, that for the BG and notreatment groups increased (Table 3 ). Dunn's pairwise comparison showed that TTP contractions in the Wii group improved significantly more than that of the no-treatment group (p < 0.005).
A Kruskal-Wallis test showed marginally significant differences in the change of TTP contractions of the ECR (p = 0.067). However, the changes in TTP contractions in the TRB and the DEL favored the Wii group but were not significant. In summary, the sEMG results indicate that Wii treatment had an immediate effect on the TTP contractions in flexor muscles (BIB and FCR). The lower part of Table 3 shows the immediate changes in functional measurements among different groups. No significant differences were detected either in SIS 3.0 scores or in JTT. In contrast, there were significant differences in IMI scores across the three groups after treatment (p = 0.016). Dunn's pairwise comparison showed that the Wii group had significantly higher motivation scores than those of the BG group. The IMI scores of the OT group were also lower than those of the Wii group, but did not show any significant differences. The qualitative feedback regarding the VR gaming treatment, on the whole, was very positive.
Retention effects of treatments
The changes in sEMG performance, SIS 3.0, and JTT were evaluated at follow-up to examine the long-term effects of various treatments (Table 4 ). There was a marginally significant difference in the changes of DEL performance across the groups (p = 0.059), with the Wii group showing an advantage. There were no significant differences across groups in TTP contractions for the other four muscles, SIS 3.0, and JTT.
Discussion
The current study conducted a kinesiology experiment to quantitatively determine the efficacy of OTSVR gaming. The results support our hypothesis on the motivational effect of OTSVR gaming, but the hypothesis regarding the effects on sEMG activities is only partially supported (immediate effects only).
Recent research on constraint-induced movement therapy and robot-aided therapy has shown that they significantly facilitate motor performance [29, 30] . The MIME robot-aided system increased the activating amplitudes of the TRB and the DEL (both agonists) after six weeks of training [30] . Our results suggest that OTSVR gaming shortens the timing for initial bursts of the BIB and the FCR (antagonists) in the sEMG during the act of reaching. VR gaming has a large immediate effect on the BIB and the FCR, but a small effect on the TRB and the ECR. As shown in Fig. 2(c) , the TTP contractions of the representative healthy subject occurred at 24% of the movement time. The TTP contractions of the representative participant in the Wii group decreased from 45% to 39% of the movement time.
The results of this study differ from those for the MIME robot-aided system. This may be explained by the selected VR games requiring more use of the BIB and the FCR, such as golf, bowling, and table tennis. (Table 5) . Movements were divided into three phases. The three phases for table tennis were back swing, forward swing, and recovery. Those for cone stacking were forward reaching, lifting, and recovery. Those for card playing were dealing, picking up, and recovery. In table tennis, the BIB first contracted at phase 1. At phase 2, the BIB and the FCR contracted, followed by the TRB and the ECR at phase 3. In contrast, the TRB contracted first at phase 1 during cone stacking and card playing. In phase 2 of cone (Table 3 ). In Table 3 , participants in the Wii group contracted the BIB first (at 591.8 ms), followed by the ECR (693.2 ms), the FCR (704.6 ms), the DEL (858.4 ms), and the TRB (877.4 ms) in sequence. The muscle onset sequence in healthy adults is the BIB, the ECR, the TRB, and the FCR based on Wagner et al.'s study [31] . In short, VR gaming treatment might have more effect on muscle activation sequence than on contraction amplitude. In addition, the measured movements in the MIME study were reaching forward in the passive and active-constrained modes, which differed from those used here. Here, participants were asked to reach as soon as they can. A study on aimed movements at different speeds in healthy people found that the first antagonist burst started later for slower movements [32] . Therefore, the different movement speeds in the two studies led to different results.
The shorter TTP contractions might be seen as an improvement of the generalized motor program in participants. Generalized motor programs are abstract motor memory composed of fixed and flexible information for executing movements. In faster movements, the movement time decreases and the TTP contractions decreases with movement time. According to Carter and Sharprio [33] , this feature is inherent in the structure of generalized motor programs.
In our results, the sEMG activities of the Wii group showed improvement right after treatment; however, the improvements did not last. Our results are consistent with those reported by Deutsch et al. [13] . In their research, participants received three intensive one-hour sessions per week of either Wii treatment or conventional rehabilitation. They found that for the Wii group, participant performance in gait endurance and balance tests improved right after the treatment but returned to the baseline during follow-up. In contrast, the effect of conventional rehabilitation had a lasting effect. One possible explanation is that OTSVR gaming are not custom-made for treating patients. The benefits fade once the games are no longer played. Recently, ready-for-clinical-use VR platforms, such as the IREX (Interactive Rehabilitation EXercise) platform [34] , have been developed. They allow therapists to select the intensity and the range of motion used in games. The retention effects of the IREX platform have been confirmed [35] . Despite its limitations, OTSVR gaming can serve as an adjunct to conventional treatments or an extended home program.
The changes in observational assessment in this study are smaller than those found in a previous study [15] . In that study, all the participants were required to complete one hour of supervised Wii-based training for two weeks, augmented with gradually increasing practice at home, from 30 to 180 minutes per day. Since these treatment doses are much higher than those used here, further research will focus on the amount and frequency of VR gaming treatment.
Task-specific and repetitive training are golden rules in neurology rehabilitation [36] . However, subjects might feel bored and lose motivation during extended practice [37] . Furthermore, adherence to treatment on-site or to a home program is minimal [38] . In the easy Balance Virtual Rehabilitation (eBaViR) study, the eBaviR system was designed based on the Wii balance-board to provide functional and motivating exercise [10] . Participants showed high motivation when playing with the eBaViR system. Another study showed that a Balance-Trainer standing frame combined with a virtual reality support can achieve outcomes similar to those obtained with conventional therapy [39] , which was confirmed in the present study. The IMI scores in the OT and BG groups were lower than those in the Wii group. The patients indicated that the Wii games were fun, easy to learn, and good for their health. Participants had fun and enjoyed competing with their family members or friends. Participants were motivated to play these games for two reasons. First, to start Wii gaming, players were required to create an avatar resembling their own face and body; this allowed the players to link their movements to the movements of their virtual self in the games. Mirror neurons were discharged when players saw the avatar's movements [40] . The congruent visual feedback from the moving avatar's arm can be beneficial to stroke survivors. The participants believed that playing VR games was not only fun, but also a cure for their impairments. Second, Wii gaming has the three characteristics of a fun game: challenge, fantasy, and curiosity [41] . A challenging game must provide a clear goal and sound feedback regarding performance. Most games in the Wii system have a clear and simple goal. Often times, players connect self-esteem with their outcome in a game. When they win, they feel more confident. A game full of fantasy must be emotionally appealing to the users and the metaphors in the game must be familiar to the users [42] . The themes of the Wii Sports Resort are senior-friendly. The cartoon-like graphics of the Wii Sports Resort are familyoriented. A game that evokes a players' curiosity provides clues and invites players to solve a mystery [43] . The Wii gaming was developed by professional game designers. It features intuitive interaction, optimal challenges, emotional support fantasy, and engrossing wonder.
There were several limitations in this study. First, the sample size was small. Second, usability was not considered. Although VR gaming treatment has proven to be useful in treating participants, its ease of use is not fully known. In the future, a usability test such as the System Usability Scale [44] or the Short Feedback Questionnaire (SFQ) [45] should be used to evaluate usability. If therapists are open to new technology and embrace it, gaming systems could become widely applied in clinical settings. If users can easily set up the system at home, remote therapy could be possible. Third, the sEMG results were possibly influenced by muscle spasticity in the single-muscle measurements. Muscle spasticity can identified based on the activation of concurrent sEMG signals in agonist/antagonist muscles. In the future, the sEMG signals of agonist/antagonist pairs (BIB/TRB and ECR/FCR) will be analyzed and compared to detect muscle spasticity. Finally, the collection of kinematic results (such as reaching trajectory and reaching time) using motion capture systems could help us better understand of the treatment effect.
Conclusion
The preliminary results show that OTSVR gaming motivates participants and have immediate effects on the firing speed of muscles during reaching tasks. However, we did not have enough evidences to support the long-term effects of the OTSVR. The affordable motion-capture technology and the fun features of the OTSVR gaming can be combined with conventional treatment theories to design future systems.
